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Abstract

This paper presents a new physically-based deep-
submicron MOS transistors matching model that
eliminates the large discrepancy between measured
matching parameters and the values computed with the
existing matching models. Previously neglected effects
specific to the deep-submicron MOSFETs with highly
doped channel and ultra-thin gate such as channel and
gate random dopant fluctuation, gate depletion and
guantum mechanical effects in the inversion layer are
considered. Analytical expressions that relate the
threshold voltage and current factor mismatch
coefficients to the process parameters were devel oped.
The proposed matching model was validated through
experimental measurements performed on several
consecutive deep-submicron technologies: 0.35, 0.25,
0.18,0.15, 0.13 and 0.1um.

1. Introduction

Predicting the impact of device mismatch on the
performance of analog circuits requires a high accuracy
matching model. The recent advancements in the deep-
submicron CMOS technology that pushed the minimum
gate size to below 100nm and the oxide thickness to less
than 3nm, made invalid most of the assumptions under
which the existing matching models were developed. If in
the micron and moderate submicron devices with low
doped channel (10® - 107cm®) the threshold voltage
mismatch was contributed by the physical oxide thickness
and to a lower extend by the depletion charge fluctuation,
in the actual deep-submicron devices with channel doping
higher than 10"%cm® it is dominated by the random channel
dopant fluctuation and the increase of the effective oxide
thickness due to the gate depletion and the quantum
mechanical effects in the inversion layer. The mobility
matching of micron devices was dominated by the
interface charge scattering, whereasin state of the art deep-
submicron devices with highly doped channels (>10*%cm™)
it is given by Coulomb scattering with channel dopantsin
wesak inverson and by surface-roughness scattering in
strong inversion regime.

Pelgrom [1] hasintroduced the area mismatch law: for a
parameter P, o(P)=Ap/V(2WIL), where A is the area
mismatch coefficient. This law holds also for the deep-
submicron devices if the effective gate area is considered

(We*Le), instead of the geometric one (W*L) [2].
Lakshmikumar [3] has proposed a physically-based model
in which the threshold voltage mismatch is dependent on
the oxide thickness and the depletion charge and the
mobility mismatch is dominated by the interface charge.
Bastos [4] has added short and narrow channel effects
corrections to the threshold voltage mismatch. However
these corrections are not necessary for the actual CMOS
processes in which the source and drain halo implant
depress the short and narrow channd effects. Stolk [5] and
Asenov [6] have developed physically-based matching
models for the threshold voltage considering the impact of
random channel dopants fluctuation. When the oxide
thickness is reduced below 3nm, the gate depletion
becomes a major contributor to the threshold voltage
fluctuation [6]. When the effective transversal electric field
increases above 1IMV/cm and the inversion layer centroid
becomes comparable with the depletion layer width, the
quantum mechanical effects significantly impact the
threshold voltage mismatch [7].

The measured threshold voltage (Ayto) and current
factor (Ag) matching coefficients of sub-0.251 MOSFETs
show large discrepancies in comparison to the values
computed with existing matching models. The aim of this
paper is to develop a physically-based matching model
portable to al major circuit level smulators, that allows a
correct evaluation of the deep-submicron devices matching
coefficients as afunction of their process parameters.

2. Threshold voltage matching model

Actual ultra-thin gate devices use a non-degenerate gate
doping to avoid impurity penetration through the gate
oxide. The reduced doping level in the polysilicon gate
leads to the appearance of a depletion layer near the
polysilicon-oxide interface when the device is biased in
strong inversion. This effect called polysilicon depletion
increases the total equivalent oxide thickness, reducing the
inversion layer charge and enhancing the threshold voltage
fluctuation [6]. The impact on Ay1o is more pronounced in
devices with sub-3nm gate oxide. Equating the depletion
layer charge in the channel with the depletion layer charge
in the gate, the surface potential of the poly-Si gate (W)
can be computed, leading to a corresponding gate
depletion width (W):

Wy =200F (Nep/Ng - Wy :J4gsiq>,: MNeh/aNg? (1)

where @ is the Fermi level in the channel Ny isthe



polysilicon gate doping and Ng, is the average cannel
doping. Considering the difference in permitivity
coefficients from the poly-S gate to the SO, the
equivaent increase of the dfedive gate oxide thicknessis
obtained (At,=Wygnl/s). The N-MOSFETs use highly
doped n+ polysilicon ggtes that results in low palysilicon
depletion effed, while the p-MOSFETs need a more
lightly doped pt+ polysili con gate due to a higher acceptor
dopants diffusivity. The PMOS devices tend to have a
higher threshdd voltage mismatch due to both higher
channel doping and hHgher gate depletion.

The increase of the channel doping to above 10%cm
and the reduction d the oxide thickness to below 3nm
resultsin avery large transversal eledric field that leads to
a strong quantization d the carier motion in the inversion
layer. The carier density does not have the maximum at
the interface (as assumed by the classcd theory), but at a
given depth named inversion layer centroid, while the
density vanishes at the interface The dependence of the
centroid (z) on the effedive inversion layer transverse
dectricfield (Eg) isgiven by [7]:

2= 7, [{Eg /[IMV /cm]) ™" 2

7, =1.783-0.1070n(Ng,[cm 3] /10"%) [nm]

n = 0.459- 0.0330n(N,,[cm 3] /10°)

In deep-submicron devices with high channel doping,
when the depletion region width (wg) approaches the

centroid o the inversion layer, the dfective transversa
electricfiled (Ey) isgiven by:
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The impaad of the ceitroid on the surface potential is
took into acount by introducing a depletion layer surface
potential a threshdd (W=2[®z[Q/eg). The resulting
depletion charge (Qp) isequd to:

Qo =2 [Ny W, —KT /) “)
where the kT/qg corredion term acaunts for the majority
carierstail in the depletion layer edge.

The inversion layer charge density (Q,) accounts bath
for the gate voltage lossdue to polysilicon gate depletion
(Yy) andthe centroid impad onthe surfacepotentia (Wy):

Q== X (Vg ~VFg - W4 - Wg - QD doxy
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where Vg is the gate voltage and Vg is the flat-band
voltage. The effedive oxide thickness (T &) that
cumulates the geometric thickness (T,) with the gate
depletion (wg) andinversion layer centroid contribution is:

Tox_eff :Tox +(Wg tz+ I-D 12) |1~ox /Esi (6)
The Lp/2 term acounts for the fad that cariers within a
Debye length (Lp) behind the depletion layer contribute to
the screening of random dopant charge in the dhannel [6]

The threshold voltage of degy-submicron MOSFET s at
zero substrate bias (Vo) that includes the gate depletion
(Wy) and quantum medhanicd effeds (Wy) is given by:

V1o =Veg +Wg + Wy +Qp Moy e /o ™

The flat-band voltage has a negligible ontribution to
the V1o mismatch dwe to the negligible interface darge
and the wedk logarithmic dependence of the work function
difference on channel and ggte doping levels.

Actual  dee-submicron devices use non-uniform
channel doping profiles to optimize the device
charaderistics. A good agreement with the experimental
results was obtained by integrating the 1D depth
distribution of the depletion charge and introducing an
average channel doping concentration (Ng,). The resulting
threshdd voltage aea mismatch coefficient (Ayro) that
considers both the random channel dopant fluctuation, and
the gate oxide thickness incresse due to polysilicon
depletion and inversion layer centroid (To, &) isgiven by:
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3. Current factor matching model

The aurrent factor () mismatch is contributed by both
the variation of device geometric dimensions (channel
width (W) and length (L), and axide thickness (Tox)) and
the danne carier mobility (4). The variance of the
current factor is obtained as the quadratic sum of the
variances of the mnstituent elements:
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where Aw, A, A and A, are the aea mismatch
coefficients of respectively W, L, T and p. In the deep-
submicron CMOS processes the width of the channel is
defined by optical lithography, whereas the length is
defined by deposition and etchbadk. Therefore for
minimum L and W devices the dominant fador in
channel areafluctuation isthe width (Aw>>A,).

The dannel carrier mobility is limited by the
scdtering with the aoustic phonons (pp), and the
surface-roughness (lg), the Coulomb scattering with the
ionized dgoants from both the dcannel region and the
oxide interface (Uc), and the carier-carrier scattering
(Mco)- The overall channel carrier mobility is obtained by
combining the four scattering limited mobilities through
the Mathiensen law:

pett " t=pp e pg e e e

The carier-carier scatering becomes nonnegligible &
chanrel carier concentration (N;) higher than 5110%cm®).
However the surfaceroughness sdtering becomes
dominant before the carier-carier one start to increase,
Therefore pcc will be neglected in the present model.
Most of the existing MOSFET matching models are
based on the Sun-Plumer model [8] that considers the
mobility fluctuation dominated by the N; fixed oxide
charge (A, al/VN;) and independent of the cannel
doping. This model is valid only for the micron and
moderate submicron devices that have low channel
doping levels (10®- 10"cm?), when the Coulomb
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scattering with the channel ionized dopantsis negligible.

The inversion layer mobility (L) plotted as a function
of the dfedive transverse dedric field (E«) follows an
universal curve, independent of the substrate bias and
doping and d the gate oxide thickness Recet
measurements owed a severe roll-off of the mobility
from the universal charaderistic & low eedric field, that
was attributed to the Couomb scattering with the dhannel
ionized dopants[9].

In the micron and moderate submicron CMOS
processes with low effedive dedric field the canne
carier mobility is dominated by the Coulomb scattering
with oxide interface charge. As the qudity of the oxide
was similar for severa conseautive scded-down processs,
a ongant current fador mismatch coefficient was
observed [2]. This assumption is no longer valid, a
dgnificat deaease of the aurrent fador mismatch
coefficient being reported in the degp-submicron processes

In the ad¢ua deep-submicron MOSFETSs the transverse
eectric field reades values higher than 1IMV/cm, leading
to a strong quantization of the canne carriers energy
levels even at room temperature. In the dedrica quantum
limit condition when most of the channel carrierslie in the
lowest quantization subband the phonon scattering limited
mohility can be expressd as: p=K /(Ee ** T) [9], where
T is the @solute temperature and K, is a @nstant
dependent on the phonon-limited buk mobility. The T™
temperature dependence is given by the scatering with
intravalley acoustic phonors.

When the dannel doping exceads 10%cm® the
Couomb scattering o the cariers with theionized channel
dopants dominates in we&k and moderate inversion.
Carriers in quantized states scaters mostly with charged
centers located within a thermal length (Ly,) away from the
S/SIO; interface. In actual CMOS processes the density of
interface darge is lower than 10" cm? which makes the
Couomb scatering with interface charge negligible in
comparison with the Coulomb scattering with the channel
dopants. For devices operating in wee&k or moderate
inversion the mobility mismatch coefficient (A,) results
inverse proportiond to the square root of channel doping:

Uc = Ho N O L
Lth MNeh JINech (11)

where po is the unscreened mobility per scattering center
per unit area. For channel doping above 10%cm® the
mobhility mismatch coefficient in week inversion becomes
negligible (A <<A(, Aw) and the aurrent fador mismatch
is given solely by the dhannel edge roughness (L and W
mismatches) and the T, fluctuation.

The Si/SIO; interface is not flat, but hasirregularities of
one or two atomic layers. At high effective eledric field,
when the channel cariers are heavily pushed towards the
interface the mobility is significantly degraded dwe to
scattering with surface aperities. The resulting surface
roughness sdtering limited mobility (Ug) is independent
of the channel doping and feaures a linea temperature
dependence due to the temperature dependence of the

carier screeningand of the Fermi level [9]:
py =Kg Eet " Kg 0L(AD)? (12)

with n=2 for eledrons and n=1 for holes, where A is the
rms vaue of the interface aperities and A is the
correlation length. At room temperature the surface-
roughness sdtering kecmes dominant at effective
electric fields higher than 0.5MV/cm. For the actual deep-
submicron devices the dfective transverse field exceels
1IMV/cm even at few KT/q above the threshold voltage.
Therefore the mobility of today’s MOS devices operating
in strong inversionis always surfaceroughnesslimited.

With the scaling of MOS devices down to sub-100nm
the non-locd effeds are becoming more aid more
important. For moderate submicron devices (>0.25um) the
cariers gill drift in equilibrium with the semiconductor
lattice and their velocity is limited by the saturation
velocity. For deg-submicron devices (<0.15um) as the
longtudina eledric field increases, the cariers gas darts
to be in disequilibrium with the lattice due to the
insufficient number of phonon scatering events
experienced by the arrier during the flight. As aresult the
carier can be accéerated to velocities higher than the
saturation  velocity, approaching ballistic  transport
conditions. This velocity overshoot leads to an
enhancement of the mobility mismatch.

In conclusion, in we&k and moderate inversion the
current fador mismatch is given by the device geometric
dimensions variation (Ag=f(A_, Aw, Atex)), While in strong
inversion the mismatch increases due to the enhancement
of the surface-roughness limited mobility mismatch
(AB:f(AL, AW, ATox: Ausr))-

4. Model I mplementation and
Experimental Results

Fig.1 presents the dependencies between the matching
coefficients and the process parameters that were used in
the implementation of the proposed matching model. The
threshdd voltage mismatch is generated by introducing a
global parameter with a Gaussan distribution
(0=Ay10/V2), that is added to Vo through an additive
model parameter (e.g. DELVTO). The arrent fador
mismatch is given by a seond globa parameter with
Gaussian distribution (0=Ap/v2) that changes the value of
the device multipli cation fador (M).

The proposed physicdly-based MOSFET matching
model can be implemented in any circuit level simulator
that supports an additive V1o correction parameter and a
device multipli cation factor (SR CE, Spedre, Saber, €tc).

Matching measurements were performed over severa
yeas using speda matching test-chips with devices of
various W and L sizes, on subsequent scded-down deep-
submicron CMOS techndogies (0.35, 0.25, 0.18, 0.15,
0.13 and 0.1um). Fig.2 shows the measured (solid line)
and computed (symbols) threshold voltage matching
coefficient for the NMOS and respedively PMOS
transgtors, aong with the linear dependence on Ty
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predicted by the eisting matching modds (Ayto O
TocMa ™). It can be observed that for sub-0.25u devices
Avto loosesitslinea dependenceon T,,. Thisisdueto the
increase of the effedive oxide thickness caused by gate
depletion and inversion layer centroid. However, reploting
Avto /Nch'”4 as a function o T, &, it regains a linea
dependence The analyticd model predicts within orly few
percent the eperimentd measured V5o matching
coefficient. The Ayro degradation constitutes a major
barrier for the usage of sub-0.1u MOS devicesin predsion
analog circuits. Also as expeded, the PFETs have ahigher
V1o mismatch due to a more pronounced gate depletion
and aso a higher channel doping. Furthermore the low-VT
NFETs tend to have abetter V1o matching in comparison
with the regular NFETs due to their lower channel doping
(no threshold adjustment implant). Fig.3 gves the
comparison of the experimental and computed strong
inversion current fador matching coefficient (Ag) for the
same CM OS processes. For moderate submicron processes
the arrent fador matching coefficient deaeases
significantly due to the reduction d the oxide and interface
charge, but gaing towards sub-100nm its value saturates
due to the ehancement of surface roughness and
limitationsin the opticd lithography.

5. Conclusions

A high accuracy physicdly-based MOSFET matching
model was proposed, that considers the phenomena
spedfic to the degr-submicron devices: channel random
dopant fluctuation, gate depletion and quantum medhanica
effeds. Andyticd expressions are provided for both the
threshdd voltage and current factor mismatch coefficients.
Present model can be eaily implemented in most existing
circuit level smulators, independent of the level used to
model the MOSFET. The proposed matching model was
validated through measurements on several conseative
deep-submicron CMOS processes.
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